While p53 has been extensively characterized as a tumor suppressor, it has been more difficult to determine whether p63 and/or p73 play a similar role. Every system in which these family members have been studied, from cells to animal models to human tissues, seems to create more questions than answers. Tomasini and colleagues (pp. 2677-2691) demonstrate that one isoform of p73 is responsible for preventing tumor formation in vivo, providing critical validation of an isoform-based model of p73 function. The p53 family: three genes, six promoters, 50 isoforms, and counting Although p53, p63, and p73 share similar domain architecture and sequence identity, their differences in vivo are striking. While p53 is frequently mutated during tumorigenesis (in over 50% of human tumors), p63 and p73 are rarely mutated (Moll and Slade 2004) . Instead, the p63 locus is amplified in squamous cell carcinomas (Bjorkqvist et al. 1998; Hibi et al. 2000; Massion et al. 2003) , and p73 is overexpressed in many tumor types (Moll and Slade 2004) . In addition, while p53-null mice develop spontaneous tumors, p63-and p73-null mice die tumor-free from developmental defects (Yang et al. 1999 (Yang et al. , 2000 . Although p63 and p73 can activate apoptosis in vitro (Jost et al. 1997; Yang et al. 1998) , it is clear that they are not classic Knudson-like tumor suppressors like p53.
Although p53, p63, and p73 share similar domain architecture and sequence identity, their differences in vivo are striking. While p53 is frequently mutated during tumorigenesis (in over 50% of human tumors), p63 and p73 are rarely mutated (Moll and Slade 2004) . Instead, the p63 locus is amplified in squamous cell carcinomas (Bjorkqvist et al. 1998; Hibi et al. 2000; Massion et al. 2003) , and p73 is overexpressed in many tumor types (Moll and Slade 2004) . In addition, while p53-null mice develop spontaneous tumors, p63-and p73-null mice die tumor-free from developmental defects (Yang et al. 1999 (Yang et al. , 2000 . Although p63 and p73 can activate apoptosis in vitro (Jost et al. 1997; Yang et al. 1998) , it is clear that they are not classic Knudson-like tumor suppressors like p53.
One possibility is that p63 and p73 are tumor suppressors that are inactivated during tumorigenesis by a nonclassical mechanism. Investigation of this possibility is complicated by the complexity of RNA isoforms expressed and the potential for tissue-specific expression. There are nine possible isoforms for p53, six for p63, and 35 for p73 that can arise through a combination of promoter usage and alternative splicing (Bourdon et al. 2005; Murray-Zmijewski et al. 2006) . For p63 and p73, two classes of isoforms exist that either contain (TA) or lack (⌬N) the transactivation domain required for full activation of target genes (Fig. 1; Deyoung and Ellisen 2007) .
The purported active isoform of p73, TAp73, is of particular interest because it is frequently expressed in human tumors and can be inhibited by either ⌬Np63 or ⌬Np73 ( Fig. 1 ; Zaika et al. 2002; Deyoung and Ellisen 2007) . In particular, physical ⌬Np63:TAp73 complexes that inactivate TAp73 have now been demonstrated in head and neck squamous cell carcinoma (HNSCC) and basal-like breast cancer cell lines, and evidence suggests these complexes occur in vivo in the corresponding tumor types Rocco et al. 2006; Leong et al. 2007 ). In addition, tumor-specific forms of p53 have the ability to bind and inhibit p73 (Fig. 1; Di Como et al. 1999) . Thus the ability of ⌬Np63, ⌬Np73, or mutant p53 to inhibit TAp73 may obviate the need for mutation of p73 during tumorigenesis. A single mutation in p53 might decrease both p53 and p73 activities. Similarly, an increase in ⌬Np63 or ⌬Np73 levels could be another means of inactivating TAp73, ultimately preventing TAp73 from engaging in tumor-suppressive activities.
Even though recently discovered p53 isoforms can inhibit p53 transcriptional activity, p53 is mutated in cancers (Ghosh et al. 2004; Bourdon et al. 2005) . The p53 locus can undergo alternative splicing and contains two promoters, thus creating two classes of isoforms that also either contain or lack an N-terminal transactivation domain. Those isoforms that lack the transactivation domain have been shown to inhibit full-length p53 in cotransfection experiments (Bourdon et al. 2005) , and are overexpressed in tumors (Bourdon 2007) . Thus the p53, p63, and p73 genes share similar organization and can each give rise to active and inhibitory isoforms.
Why might inhibitory isoforms have a differential effect on the need for mutation of p53 versus p73? Three possible answers are (1) TAp73 is not a tumor suppressor, or is a much weaker tumor suppressor than p53. (2) Tissue-specific and context-dependent upstream signals and regulators control whether p53 and/or p73 is active in tumor suppression. (3) ⌬Np73 has oncogenic properties that are separate from its ability to inhibit p53 family members. Even the first of these possibilities, whether or not TAp73 is a tumor suppressor, has been surprisingly difficult to demonstrate conclusively (McKeon and Melino 2007) .
Mouse models of p53 family members are an invaluable resource, providing clues as to if and when p53, p63, and p73 act as tumor suppressors in vivo. p63 transgenic mice that do and do not develop cancers have been reviewed in detail (Mills 2006) . Mak and colleagues (Tomasini et al. 2008 ) settle the controversy for p73, using mice deficient for the TAp73 isoform of p73 to demonstrate that it is indeed a tumor suppressor.
Cancer and infertility: manifestations of genomic instability in TAp73 −/− mice
According to the isoform model of p73 function, p73-depleted animals may display complex tumor phenotypes due to the loss of both an oncogene (⌬Np73) and a tumor suppressor (TAp73) that can lead to a multitude of intermediate phenotypes.
In addition, analysis of p73 deficient animals is complicated by severe developmental problems that lead to an early demise, largely attributed to loss of the ⌬Np73 isoform that is expressed during development (Yang et al. 2000) . Tomasini et al. (2008) circumvent these issues, using transgenic mouse techniques to delete exons that specifically encode the transactivation domain of p73. Because the Trp73 gene contains a second promoter from which ⌬Np73 can be transcribed, this approach led to a selective deficiency of all TAp73 isoforms. The developmental defects of these mice were less severe than their p73 −/− counterparts. Subsequent analysis revealed an increased incidence of both spontaneous and DMBA-induced tumors in the TAp73 −/− mice, showing that TAp73 is a tumor suppressor.
In part, the TAp73 −/− tumors provide critical validation of previous work that demonstrated an increased rate of spontaneous tumors in p73 +/− mice (Flores et al. 2005) . Interestingly, this same study demonstrated that p63 +/− mice develop spontaneous tumors, and that p53 +/− p63 +/− mice have an increased tumor burden compared with p53 +/− mice (Flores et al. 2005) . This is in contrast to another study using a distinct, inactivated p63 allele that demonstrated a lack of tumors in p63 heterozygous mice (Keyes et al. 2006 ). This second model also showed a decreased rate of tumor formation in mice heterozygous for both p53 and p63 compared with p53 +/− mice (Keyes et al. 2006 ). The opposing results in different p63-deficient mice heightened the need for validation and additional characterization of the p73-deficient phenotypes. Although there seem to be some differences in tumor spectrum, in general the TAp73-deficient mice recapitulate the tumor-prone phenotype of the p73 +/− mice. However, many aspects of this phenotype were unexpected. Mak and colleagues (Tomasini et al. 2008 ) observed a general increase in ⌬Np73 RNA levels (but not protein levels) in the TAp73 −/− mice. Construction of the TA-specific deletion was a complicated affair, involving placement of a Neo cassette that terminates transcription near the 5Ј end of the ⌬Np73 promoter in intron 3. Assuming, as evidence suggests, that the elevated ⌬Np73 levels were not a consequence of the transgenic process in general, but rather a consequence of TAp73 loss, this result raises new questions about p53 family cross-talk during tumorigenesis. TAp73 is a known transcriptional inducer of ⌬Np73 (Grob et al. 2001 ), but in TAp73-deficient mice a striking increase in ⌬Np73 RNA levels was observed. TAp73 has been reported to repress the expression of several genes by interacting with other transcription factors such as Sp1 in the promoters and regulatory regions of these genes (Salimath et al. 2000; Uramoto et al. 2004; Innocente and Lee 2005; Racek et al. 2005) . Many transcriptional repressors have binding sites in the ⌬Np73 promoter, including Sp1 (J. Rosenbluth and J. Pietenpol, unpubl.). It is intriguing to speculate that TAp73-mediated repression of ⌬Np73 acts as a positive feedback loop during tumor suppression. Indeed, in cervical squamous cell carcinomas, TAp73 and ⌬Np73 are not coexpressed but rather exhibit mutually exclusive expression patterns (Liu et al. 2006) .
To examine other potential p53 family interactions, Tomasini et al. (2008) tested whether the loss of TAp73 expression altered p53 function. Decreased TAp73 has been shown to inhibit p53 function in vitro in a contextdependent manner. For example, studies in E1A-transformed mouse embryonic fibroblasts (MEFs) suggested that p63 and p73 are required for p53-mediated apoptosis (Flores et al. 2002) . This finding was contradicted by a second study in T cells showing that p63 and p73 are dispensable for p53-mediated apoptosis (Senoo et al. 2004 ). In the TAp73-null mice, E1A-transformed MEFs and T-cell precursors do not demonstrate any alteration in p53 activity, suggesting that p73 is dispensable for p53 func- tion, or that ⌬Np73 compensates for the loss of TAp73 in E1A-transformed MEFs. It would be interesting to determine the effect of TAp73 loss on p53 function in an in vivo model in which p53 activity is dependent on both p63 and p73, such as during ionizing radiation-induced CNS apoptosis (Flores et al. 2002) . This would be particularly relevant because all three p53 family members contribute to neuron development and function, as reviewed elsewhere (Jacobs et al. 2006) . Indeed, the TAp73 −/− mice support a model that ascribes distinct roles for ⌬Np73 in the survival of neurons after injury (Jacobs et al. 2006) , and for TAp73 during hippocampal development. How this system is perturbed during genotoxic stress would provide insight into the roles of the p53 family members in the nervous system and during tumorigenesis.
Mak and colleagues (Tomasini et al. 2008 ) round out their tumor analyses by presenting a mechanism for TAp73 tumor-suppressive function. One clue comes from a second phenotype of TAp73-deficient mice: infertility. Unlike the p73 heterozygotes, which do not mate due to lack of pheromone sensing (Yang et al. 2000) , the TAp73-null mice mate normally but are infertile. Tomasini et al. (2008) present intriguing evidence that female infertility is due to genomic instability of the oocyte. This genomic instability may lead to retention during folliculogenesis and decreased viability, and may be similar in effect to the decreased oocyte quality that occurs with natural aging.
p63 is also known to play a role in the female oocyte; TAp63 is expressed and is essential for DNA damageinduced oocyte death that does not involve p53 (Suh et al. 2006) . Thus, the p53 family emerges as a central player in maintaining fidelity of the female germline. TAp73 prevents genomic stress, and loss of TAp73 during aging may contribute to the decline in oocyte viability. In contrast, TAp63 is activated by genotoxic agents to kill oocytes that have sustained genomic damage (Suh et al. 2006) . Whether p73 cooperates with p63 during this process, and the roles that these family members may play in the male germline (TAp73 −/− male mice are also infertile), remains unknown.
Thus the two major phenotypes of the TAp73-null mice, cancer and infertility, are both associated with genomic instability. These new data suggest that maintaining the fidelity of the genome is a key molecular function of TAp73. The possibility of functional interplay with ⌬Np73, TAp63, and p53 during this process is an intriguing question raised by the new findings of Mak and colleagues (Tomasini et al. 2008) . Construction and analysis of a ⌬Np73-deficient mouse is eagerly awaited.
p53 family members respond to differential upstream signals
One of the strengths of the work by Tomasini et al. (2008) is the elegant confirmation of a p53/p73 commonality; another strength comes from multiple mouse phenotypes that provide clues to the differences between p53 and p73 in human tumors. These data suggest that different upstream signals regulate the p53 family members-temporal, tissue-specific, and context-dependent cues lead to separation of function in the p53 family. This might occur, for example, through the E3-ubiquitin ligase mdm2, which is known to degrade p53 but not p73 (Zeng et al. 1999) . Or it may occur through the cofactor YAP, that binds to p73 but not p53, enhancing p73 activity as well as recruiting p73 to specific target genes during apoptosis (Strano et al. 2001 (Strano et al. , 2005 . By mechanisms such as these, differential activation of p53, p63, and p73 isoforms can be achieved. Ultimately, the settings in which p53 family members are active will select for their inactivation in human tumors.
In terms of upstream signals, the DNA damage response (DDR) signaling pathway is the classic activator of p53. Initial analyses of DDR pathways were performed in the TAp73 −/− mice. Intriguingly, DNA-damaging agents such as dexamethasone, irradiation, etoposide and cisplatin were all ineffective at inducing TAp73-dependent cell death in either T cells or MEFs, suggesting a clear differential response to DNA damage between p53 and p73. This is in contrast to evidence that p73 can be activated by a subset of DDR-inducing agents (Ozaki and Nakagawara 2005) . Perhaps p73 responds to genotoxic stress in a tissue-specific or context-dependent manner; for example, only in the absence of p53 (Talos et al. 2007) . Further inquiry in vivo is required to understand these conflicting data.
There is clear evidence of tissue-specific function in the TAp73 −/− mice. Loss of TAp73 leads to the development of genomic instability, but only in select tissues. Tomasini et al. (2008) demonstrate that cells isolated from the lung but not the thymus are aneuploid in the absence of TAp73. This correlated with the development of lung tumors but not thymic tumors, and is highly suggestive of a causal relationship. Through such data, a model begins to emerge in which p53 is activated by environmental and/or genotoxic stress, and cells in this setting select for p53 mutations. In contrast, p73 may be activated by other types of stresses, in distinct contexts, leading to different routes of inactivation. Perhaps lessons learned from p63/p73 biology will shed further light on p53 function. p53 inhibitory isoforms are expressed in human cancer types with lower p53 mutation rates: breast cancer, AML, and HNSCC (Bourdon 2007) . Because different cancers are promoted by different environmental stresses, these correlations suggest that upstream signals determine if p53 family members are inactivated by mutation or by inhibitory isoforms.
What are the alternative upstream signals, outside of classic DDR signaling? Recent work using a fibroblast model of step-wise tumorigenesis suggests that TAp73 and ⌬Np73 are engaged at different stages of tumorigenesis, and that the function of TAp73 is to contribute to contact inhibition in high density cell cultures (Beitzinger et al. 2008) . Loss of TAp73 enabled anchorage-independent growth, unlike p53 depletion that allows cells to escape cell cycle arrest and apoptosis. In this model, p53 and p73 perform different molecular functions that p73 tumor suppression
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An approach to identify upstream regulators of transcription factors using downstream gene signatures has recently been reported (Rosenbluth et al. 2008) . Using this approach, mammalian target of rapamycin (mTOR) was identified as a negative regulator of p73. Notably, pharmacologic inhibition of mTOR in primary human mammary epithelial cells resulted in differential regulation of p53 family members. Cells exhibited selective up-regulation of TAp73, whereas ⌬Np63 and p53 levels both decreased (Rosenbluth et al. 2008) . Since mTOR is a master regulator of energy homeostasis and cell growth, and is often active in tumors (Guertin and Sabatini 2007) , this suggests that mTOR may inhibit TAp73 in tumors. In general, cancer cells may use upstream kinases or cofactors to inhibit p53 family members in different cellular contexts, ultimately maintaining proliferation and survival.
Initial analyses of TAp73 −/− mice both confirm that p73 is a tumor suppressor, and provide intriguing evidence of differences between members of the p53 family. Additional studies with these mice, involving modulation of upstream pathways and alteration of ⌬Np73, p53, or p63 levels, will continue to yield insight into the coordinate and diverse functions of this family of transcription factors. In addition, the identification of upstream activators of p53 homologs may yield new therapeutic approaches for cancer. The validation of TAp73 as a tumor suppressor that is not lost or mutated in cancers makes it an intriguing therapeutic target-one that can engage p53-associated tumor suppressor signaling pathways in the absence of p53.
